The chemistry of a two-electron reduced product of organic molecules has received much attention in recent years from both theoreticians and experimentalists, as subjects for studying aromaticity and electronic multiplicity, 1-3) structural and spectral properties, [4] [5] [6] [7] [8] [9] [10] [11] [12] reactivity, 13) and intermolecular interaction with cationic species and hydrogen donors. [6] [7] [8] [9] [14] [15] [16] [17] A recent and exciting prospect in the area of organic molecular metamagnetism and ferromagnetism lies in understanding the structure-function relationship of metallocenium salts of strong acceptor anions such as the monoand dianionic species of tetracyanoethylene (TCNE) and tetracyanoquinodimethane. 10, 11, 18) The structural characteristics of the organic p-dianions are of fundamental interest in chemistry, and are essential to understanding peculiar properties and characteristic function. Information on the structure of organic p-dianions is, however, quite limited, 4, [6] [7] [8] 10, 11) whereas the structural characteristics of the anion radical are well documented. The most investigated dianions are quinones with regard to biological function and electron and proton transfer in the hydrogen-bonding systems. [6] [7] [8] 14) The p-dianions have been considered to have the same planar p-conjugation system as those of the neutral and monoanionic species. Miller and co-workers have documented for the first time a three-dimensional structure of the dianion, with the aid of X-ray crystallographic analyses of the TCNE 2Ϫ metallocenium salts. 10, 11) There has been, however, no experimental report on the structure in solvents. We are particularly interested in the structure of TCNE 2Ϫ in solution as it plays an important role in molecular recognition and complex formation based on the p-p interaction of the dianion.
The chemistry of a two-electron reduced product of organic molecules has received much attention in recent years from both theoreticians and experimentalists, as subjects for studying aromaticity and electronic multiplicity, [1] [2] [3] structural and spectral properties, [4] [5] [6] [7] [8] [9] [10] [11] [12] reactivity, 13) and intermolecular interaction with cationic species and hydrogen donors. [6] [7] [8] [9] [14] [15] [16] [17] A recent and exciting prospect in the area of organic molecular metamagnetism and ferromagnetism lies in understanding the structure-function relationship of metallocenium salts of strong acceptor anions such as the monoand dianionic species of tetracyanoethylene (TCNE) and tetracyanoquinodimethane. 10, 11, 18) The structural characteristics of the organic p-dianions are of fundamental interest in chemistry, and are essential to understanding peculiar properties and characteristic function. Information on the structure of organic p-dianions is, however, quite limited, 4, [6] [7] [8] 10, 11) whereas the structural characteristics of the anion radical are well documented. The most investigated dianions are quinones with regard to biological function and electron and proton transfer in the hydrogen-bonding systems. [6] [7] [8] 14) The p-dianions have been considered to have the same planar p-conjugation system as those of the neutral and monoanionic species. Miller and co-workers have documented for the first time a three-dimensional structure of the dianion, with the aid of X-ray crystallographic analyses of the TCNE 2Ϫ metallocenium salts. 10, 11) The interesting results involving the D 2d and skewed structures of TCNE 2Ϫ are proposed for the [(Me 2 N) 2 2Ϫ salts. 10, 11) There has been, however, no experimental report on the structure in solvents. We are particularly interested in the structure of TCNE 2Ϫ in solution as it plays an important role in molecular recognition and complex formation based on the p-p interaction of the dianion. 19 ) Recently, we have reported the experimental and theoretical results of the D 2d structure of TCNE 2Ϫ in solution. 12) In this study, the structural and spectral properties of TCNE 2Ϫ in CH 3 CN and CH 2 Cl 2 are primarily examined by spectroelectrochemical measurements and MO calculations. The electronic spectra of TCNE 2Ϫ in solution have not been fully analyzed yet. Discussion has been extended to the structural characteristics of TCNE 2Ϫ on the basis of ab initio MO calculations. The purpose of this paper is to gain deeper insight into the problem of the structure of TCNE
2Ϫ
, showing how the C(CN) 2 planes of TCNE 2Ϫ easily rotate around the CϭC bond in such molecular environments as solvents.
Experimental
Chemicals TCNE (Fig. 1 ) was commercially available from Nacalai Tesque, Inc., and was purified by repeated sublimation under reduced pressure, then once again just before use. CH 2 Cl 2 and CH 3 CN of spectrograde purity used for electrochemical and spectroelectrochemical measurements were purchased from Nacalai Tesque, Inc., and were dried over molecular sieves (4A for CH 2 Cl 2 and 3A for CH 3 CN) for more than 2 d, then carefully rectified. Tetrabutylammonium perchlorate (TBAP) was used as a supporting electrolyte for these solvents, being prepared by a dropwise addition of 70% perchloric acid to an aqueous tetrabutylammonium bromide solution, and then recrystallized three times from a mixture of ethyl acetate and pentane. TBAP was sufficiently dried in a high vacuum just before use.
Electrochemical and Spectroelectrochemical Measurements Cyclic voltammetry was performed at 25.0Ϯ0.1°C with a BAS 100B electrochemical workstation, using a three electrode system consisting of a glassy carbon working electrode, a platinum wire counter electrode and a saturated calomel reference electrode (SCE). Other details of the electrochemical measurements were described in a previous paper. 20) Electronic spectra of TCNE Ϫ and TCNE 2Ϫ were observed with a method involving rapid circulation of the electrolyzed solution via a Shimadzu SPD-M10A photodiode array detector. 6) Controlled-potential electrolyses were performed in a bulk electrolysis cell with a Hokuto Denko HA-501 potentiostat in a three-electrode mode consisting of a reticulated vitreous carbon working electrode, an Ag/AgNO 3 reference electrode (containing CH 3 CN solution of 0.1 mol dm Ϫ3 TBAP and 0.01 mol dm Ϫ3 AgNO 3 ), and a platinum wire counter electrode. The details and procedures of the spectroelectrochemical measurements were described in a previous paper.
6)

MO Calculations Postulating that TCNE
2Ϫ is a closed-shell singlet species, the geometry for TCNE was gradient optimized at the self-consistent field (SCF) level with the Gaussian98 program. 21, 22) The basis sets used here were the 6-31G(d) basis sets that are very common for calculations involving up to medium-sized systems. The 6-31ϩG(d) basis sets suitable for the anionic species and the triple split valence 6-311ϩG(d) basis sets were utilized to get results with higher accuracy.
21) The conformational energies were computed in the rotations around the CϭC bond at every 10°angle by HF calculations, by MP2 calculations, and by MP4 calculations including singles, doubles, triples and quadruples (SDTQ). The MP2 and MP4 calculations were done at HF geometries optimized with the corresponding basis sets. The geometries of neutral TCNE and the open-shell doublet anion were obtained in the HF and unrestricted HF (UHF) frameworks by gradient techniques at the 6-31G(d) level, respectively. Solvation energy to the dianion was calculated by the Tomasi polarized continuum model (PCM) based on the self-consistent reaction field methods. 21, 23, 24) The dielectric constants of CH 2 Cl 2 and CH 3 CN necessary for the calculations were cited as 8.93 and 36.64, respectively.
21)
The configuration interaction calculations (CIS/6-31G(d) calculations) involving combinations of single substitutions out of the ground state calculated by the HF/6-31G(d) and UHF/6-31G(d) methods, and semiempirical CNDO/S-CI calculations were carried out to interpret the experimental absorption spectra. Later calculations were done with parameters taken from the literature of Jaffe's group and others, 25) and two-center repulsion integrals were evaluated using the Nishimoto-Mataga equation.
26) The description of spectra based on the group theory is derived from the molecular coordinates as follows. The main axis (z-axis) was given to the C 2 -axis perpendicular to the molecular plane for D 2h symmetry, and to one of the C 2 -axes perpendicular to the CϭC bond for D 2 symmetry. Under these symmetries, the CϭC bond was put on the x-axis. For D 2d symmetry, the main axis (zaxis) was given to the C 2 axis involving the CϭC bond.
Results and Discussion
Electrochemistry and Spectroelectrochemistry of TCNE in CH 2 Cl 2 and CH 3 CN In dry CH 2 Cl 2 and CH 3 CN, TCNE typically shows two cathodic polarographic waves which correspond to the formation of TCNE Ϫ and TCNE 2Ϫ , respectively. In these reductions, the first step is reversible and the second is at least quasi-reversible at customary scan rates, as is seen from the cyclic voltammograms shown in Fig. 2 . The energetics of these steps have been discussed on the basis of MO theory in previous papers. 20, 27) . The spectrum of TCNE 2Ϫ in CH 3 CN shows no structure attributable to the dianion except for a weak band near 300 nm and the onset of a strong peak near 250 nm in the direction of shorter wavelengths, as illustrated in Fig. 4b The CIS/6-31G(d) calculation and semiempirical CNDO/S-CI calculations were performed to gain more insight into the relation between the spectra and the structure of TCNE 2Ϫ as well as TCNE Ϫ . Table 1 lists the CIS calculation results and the observed spectral data. Figure 5 shows the calculated MOs concerning the electronic transition of TCNE and the reduced species. The 430 nm band of TCNE Ϫ with a progression of vibrational transitions is assigned to the single 2 B 3u ← 2 B 2g transition. The calculated transition energy, however, did not reproduce the experimental value. This is probably due to a deficiency in the CIS method rather than the red shift of the , as is seen from Table 1 and Fig. 5 . The spectral characteristics are the same as those of the 1,4-benzoquinone dianion adopting the D 2h structure.
6) The observed band near 300 nm in CH 2 Cl 2 is reasonably assigned to the p-p* band of TCNE 2Ϫ adopting the D 2h structure. Ϫ groups separated by the CϭC bond, as shown in Table 1 and Fig. 5 . The rotation from the D 2d structure of TCNE 2Ϫ causes the electronic configuration interaction between the degenerate transitions, giving a strong absorption band in the longer wavelength region. Furthermore, the calculations provided clear-cut evidence for a difference in transition energies between the D 2h and D 2d structures. The red-shift of the TCNE 2Ϫ band with the rotation is attributed to the destabilization of the HOMO (the b 2g -HOMO of the D 2h structure) derived from the degenerate e-HOMOs in the D 2d structure, as illustrated in Fig. 5 . These results reasonably indicate that the difference between the structures in CH 2 Cl 2 and in CH 3 CN finds expression in the spectral change.
Calculated Rotational Barrier around the C‫؍‬C Bond of TCNE
2؊
The geometric parameters optimized for TCNE 2Ϫ are in good agreement with the experimental results determined by X-ray crystallographic analyses of the TCNE 2Ϫ metallocenium salt. 10) Conspicuous trends in the geometric parameters of TCNE and the reduced species include a lengthening of the CϭC bond with an increasing negative charge, as shown in Fig. 6 , which appeared in the experimental results. 10, 28, 29) Major changes are brought about on the CϭC bond order of TCNE as a result of the two-electron addition to the LUMO (b 2g ) of antibonding nature for The axes used for the MO calculations are described in the experimental section. Energies in au (1 auϭ2625.500 kJ mol Ϫ1 ). (Fig. 7) . The CϭC bond of TCNE 2Ϫ becomes a formal single bond at any values of the dihedral angle (q) of the two C(CN) 2 planes, characterized by the long bond distance and the small value of atomic bond population. This allows the C(CN) 2 planes of TCNE 2Ϫ to be easily rotated around the CϭC bond. Table 2 lists the total energies of TCNE 2Ϫ calculated for the structures of various q values. All the calculation methods used here give very similar trends in the energy dependence upon q. The most stable structure is the D 2d structure, and the D 2h structure represents the transition state of the rotation around the CϭC bond. The barrier for the internal rotation in TCNE 2Ϫ was calculated as listed in Table 2 . The post SCF calculations give lower barriers than the HF calculations. The rotational barrier for TCNE 2Ϫ is much lower than that for TCNE and TCNE Ϫ estimated as 422.718 and 70.637 kJ mol Ϫ1 (HF/6-31(G)), respectively. Figure 8 shows the calculated electronic energies and nuclear repulsion energies upon the q values. Changes in the electronic stabilization (conjugation) and steric crowding are completely reverse in the direction of energy change upon q. The balance between them governs the structures of TCNE and the reduced products. The D 2h structures of TCNE and TCNE Ϫ are brought about by electronic stabilization through conjugation between the two C(CN) 2 planes sufficient to overcome the nuclear repulsion. The easy rotation around the CϭC bond of TCNE is caused by a decrease of the difference in electronic energies between the D 2h and D 2d structures with an increasing the negative charge. This implies that the chargetransfer from TCNE 2Ϫ to the solvent or additives significantly affects the stability of the D 2d structures. The electron accepting nature of CH 2 Cl 2 with low dipole interaction may contribute to the preferable D 2h structure of TCNE 2Ϫ . In addition, significant change seems to be brought about on the structure of TCNE 2Ϫ as a result of electrostatic and dipole interactions of solvents and counter ions as well as the chargetransfer interaction. 30) Indeed, the solvation energy of TCNE 2Ϫ calculated by the PCM method runs up to 600-700 kJ mol
Ϫ1
. 31) The preferential stabilization of D 2h TCNE 2Ϫ over D 2d TCNE 2Ϫ depending on the solvent nature, is a novel and interesting result. The presence of real solvent and counter ion molecules in the MO calculations will allow a better understanding of the phenomenon in future work.
In conclusion, the structure of TCNE 2Ϫ is characterized by a formal single CϭC bond with the low rotational barrier caused by the two-electron addition to the antibonding LUMO of TCNE. The spectral measurements and MO calculations suggest that TCNE 2Ϫ preferentially adopts the D 2h structure in CH 2 Cl 2 and the D 2d structure in CH 3 CN as well as in crystals of the metallocenium salts previously published. 10, 11) The nature of solvents and counter ions seems to significantly affect the structure of TCNE
2Ϫ
. The present conclusion is important to extended discussion on molecular recognition and molecular function of the electrogenerated dianions upon the structure. Vol. 48, No. 4 
